Rationale: Cystatin A and SPINK5 are endogenous protease inhibitors (EPIs) that may play key roles in epithelial barrier function.
Chronic rhinosinusitis (CRS) is generally believed to be caused by a complex interaction of local, systemic, microbial, genetic, environmental, and iatrogenic factors (1) . Most patients with CRS without nasal polyps (CRSwNP) have prominent tissue eosinophilia, edema formation, and T-helper cell type 2 (Th2)-dominant inflammation, and CRSwNP is often associated with asthma and aspirin-sensitivity in Europe and the United States (2-4). However, more than half of patients with CRSwNP in East Asian countries including Japan, Korea, and China have noneosinophilic inflammation with purulent rhinorrhea and Th1/Th17-dominant inflammation (5) (6) (7) . In Japan, CRSwNP is classified into two subtypes: eosinophilic CRS (ECRS) and noneosinophilic CRS (NECRS). ECRS is comparable with CRSwNP in Europe and the United States (8) .
Proteases can be classified as endogenous or exogenous. Endogenous proteases including elastase in neutrophils or tryptase and chymase in mast cells have key roles in allergic inflammation (9, 10) . In contrast, airborne allergen, such as fungi, pollen, and mites, and microorganisms, such as bacteria, rhinovirus, and influenza virus, are major sources of exogenous proteases (11) (12) (13) (14) . Recent reports have indicated that the innate response to exogenous proteases from inhaled allergens plays a key role in the development of Th2 immunity (15) (16) (17) . Allergen proteases have been demonstrated to cause epithelial barrier breakdown, consequently extending the portal of entry for allergens, and to stimulate various types of cells through IgE-independent mechanisms (12) . These findings imply that environmental proteases are key contributors to primary sensitization to allergens and the exacerbation of allergic diseases via the abrogation of the epidermal/epithelial barrier and the induction of innate responses.
Humans are equipped with several endogenous protease inhibitors (EPIs) of endogenous and exogenous protease activity. EPIs may decrease the risk of allergen sensitization, inhibit IgE antibody production, and prevent the exacerbation of allergic diseases (18) (19) (20) (21) . Indeed, genetic deficiencies in EPIs, including cystatin A and SPINK5, a cysteine and serine protease inhibitor, respectively, which help regulate epithelial barrier maintenance, have been associated with atopic dermatitis (22, 23) . Furthermore, heterogeneous single-nucleotide polymorphisms and low expression of SPINK5 might contribute to the development of CRS (24) . Kato and colleagues (25) have reported that the allergenicity of the major house dust mite (HDM) allergens, Der f 1 and Der p 1, is suppressed by the high-affinity binding of cystatin A. Thus, EPIs may play critical roles in the pathogenesis of allergic diseases; however, knowledge about the roles of EPIs in chronic airway inflammation and about CRS pathogenesis is currently limited.
This study aimed to fill this knowledge gap and to elucidate the roles of EPIs in the pathophysiology of ECRS. To this end, we investigated the expression of cystatin A and SPINK5, for which a preliminary study had indicated the strongest down-regulation in patients with ECRS of all EPIs, in nasal epithelial cells of patients with CRS. Then, we examined the in vitro effects of recombinant EPIs on the production of the epithelialderived cytokines, IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) in cultured airway epithelial cells, and the in vivo effects of recombinant EPIs in the nasal epithelium of mice exposed to multiple airborne allergens (MAA).
Methods

Patients
Sinonasal tissues were obtained from patients with paranasal sinus disease during endoscopic sinus surgery. CRSwNP was diagnosed based on the criteria of the European Academy of Allergology and Clinical Immunology position paper (1) . None of the patients included had been treated with systemic or topical corticosteroids for at least 4 weeks before surgery, although some patients had received antihistaminic agents or macrolide antibiotics. The patients were classified into ECRS and NECRS groups. ECRS was histologically defined as having an eosinophil count of greater than or equal to 70 per microscopic field (3400 magnification) when five fields in the subepithelial area of nasal polyps (NPs) were counted (8) . The atopic status of patients with CRS was evaluated by skin prick test or Phadia CAP-RAST test. Allergic rhinitis was defined as the presence of typical nasal symptoms and a serum CAP-RAST score for allergens of greater than or equal to 0.70 UA/ml. As control subjects, uncinate tissues were obtained from patients with frontal sinus cysts or maxillary sinus tumors during surgery, and inferior turbinates (ITs) were harvested during septoplasty. None of these patients had CRS or nasal allergy. Eosinophils and neutrophils in tissues were quantified by two of the authors independently. The eosinophils and neutrophils were counted in five fields of hematoxylin and eosin-stained 
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tissues using light microscopy (3400 magnification). All patients gave written informed consent before sample collection, and the study was approved by the institutional review board of Shiga University of Medical Science.
Reagents and Antibodies
The materials are detailed in the online supplement.
Cell Culture
The culture methods for normal human bronchial epithelial (NHBE) cells are detailed in the online supplement.
Intranasal Instillation with MAA in Mice
Six-week-old female BALB/c mice were purchased from Shimizu Laboratory Supplies Co., Ltd. (Kyoto, Japan). All animal experiments in this study were approved by the Institutional Animal Care and Use Committee of the Shiga University of Medical Science. The method for intranasal instillation of the mice is provided in the online supplement.
RNA Isolation and Real-Time Quantitative Reverse-Transcriptase Polymerase Chain Reaction
Total RNA was purified from cultured primary nasal epithelial cells using a PureLink RNA Mini Kit (Invitrogen, Grand Island, NY). Further details are provided in the online supplement.
Mouse Nasal Specimens
After stripping of the facial skins, the mouse heads were severed between the upper and lower jaws, and the noses were removed. Samples were immediately fixed in 10% formalin at 4 8 C for 2 days and decalcified in 0.12 mol/L ethylenediaminetetraacetic acid solution (pH 6.5) for 10 days at room temperature. The ethylenediaminetetraacetic acid solution was changed daily. The nasal tissues (NT) were fixed in 10% formalin, embedded in paraffin, cut into 10-mm sections, and stained with hematoxylin and eosin or periodic acid-Schiff.
Immunofluorescence Staining
Immunofluorescence staining was performed as described previously (26) . Detailed methods are provided in the online supplement.
Statistical Analysis
All data are reported as the mean 6 SEM from the indicated number of samples. Twosided differences between two samples were analyzed using the Mann-Whitney U test. For comparisons of three groups, the Kruskal-Wallis test (nonparametric one-way analysis of variance) was used. P values less than 0.05 were considered significant. Although the data may ideally be presented as medians and interquartile ranges, we presented as means and SEMs for clarity.
Results
Patient Characteristics
The clinical and demographic characteristics of the patients included in this study are shown in Table 1 . Patients with ECRS had more eosinophils in their ITs and NPs than the control subjects and patients with NECRS, whereas patients with NECRS had more neutrophils in their ITs and NPs than the control subjects and patients with ECRS.
Cystatin A and SPINK5 Expression in Nasal Epithelial Cells
The results of immunohistochemical staining for cystatin A and SPINK5 in NTs are shown in Figure 1 . Cystatin A and SPINK5 were mainly expressed in the cytoplasm of nasal epithelial cells in all three patient groups ( Figures 1A and 1C) , and the expression levels were significantly lower in patients with ECRS than in control subjects or patients with NECRS ( Figures 1B and 1D ). SPINK5 mRNA was significantly lower in the ITs and NPs of patients with ECRS than in those of control subjects and patients with NECRS, whereas the cystatin A mRNA level was significantly lower in the NPs of patients with ECRS ( Figures 1E and 1G ). To confirm this observation at the protein level, we measured the concentrations of cystatin A and SPINK5 in primary nasal epithelial cells of the ITs, uncinate tissues, and NPs by ELISA. In agreement with the mRNA data, the cystatin A and SPINK5 protein levels in the ITs and NPs of patients with ECRS were significantly lower, than in those of control subjects and patients with NECRS ( Figures 1F and 1H) . Previous reports have demonstrated that microbial allergens and proteases, such as trypsin and papain, induce the secretion of epithelial-derived cytokines, such as IL-25, IL-33, and TSLP (27) (28) (29) . To investigate the effect of EPIs on the secretion of these cytokines, we pretreated microbial allergens and proteases with recombinant EPIs before adding them to NHBE cells. When the serine protease trypsin was pretreated with SPINK5, the trypsin-induced secretion of TSLP and IL-25 was significantly inhibited, and pretreatment of the cysteine protease, papain with cystatin A, inhibited the papain-induced secretion of TSLP and IL-25. Treatment with a mixture of cystatin A and SPINK5 showed the same inhibitory effect as that observed for each alone (Figures 2A and 2B) . Trypsin or papain did not induce IL-33 release (data not shown). These results suggest that endogenous serine and cysteine protease inhibitors specifically inhibit serine and cysteine protease activities, respectively. When microbial allergens, such as HDM, Alternaria, and protease from Staphylococcus aureus were pretreated with recombinant cystatin A, SPINK5, or a mixture of both, the allergen-induced secretion of TSLP, IL-25, and IL-33 was significantly inhibited; however, poly (I:C)-induced secretion of IL-25 and TSLP was unaffected ( Figures 2C-2E) .
To examine whether diminished EPI expression affects the induction of epithelial-derived cytokines after exposure to microbial allergens, we knocked down cystatin A or SPINK5 in NHBE cells with small interfering RNA (siRNA) and then stimulated the cells with microbial allergens or proteases. Cystatin A and SPINK5 mRNA expression was significantly suppressed by the target siRNA, but not by control siRNA ( Figure 3A) . Allergen-induced secretion of We investigated the role of EPIs in the secretion of IL-25, IL-33, and TSLP in the mouse airway via intranasal instillation of MAA, combination of HDM, Alternaria, and protease from S. aureus, as described previously with slight modification (30) . After single MAA exposure, NT concentrations of IL-25, IL-33, and TSLP increased to a peak level at 6 hours, and then declined to their baseline levels at 12-24 hours (see Figure E1A in the online supplement). The concentration of IL-25, IL-33, and TSLP in nasal lavage (NL) fluid increased 3, 1, and 6 hours after MAA exposure, respectively, and then declined quickly (see Figure E1B ). The increases in IL-25 and TSLP were lower than that in IL-33.
Next, we examined the effect of intranasal instillation of a combination of mouse recombinant cystatin A and SPINK5 on MAA-exposed mice. This combinatorial treatment suppressed MAA-induced production of IL-25, IL-33, and TSLP in NT 6 hours after MAA-exposure (see Figure E1C ).
Chronic Exposure to MAA Induces Type-2 Immune Responses
To examine the role of cystatin A and SPINK5 in the pathogenesis of inflammation after chronic MAA exposure, mice were exposed to MAA intranasally once every 2 days for up to 16 weeks, after which cystatin A and SPINK5 expression was assessed. Chronic MAA exposure induced eosinophil and neutrophil in NL fluid; production of IgE in plasma and of vascular endothelial growth factor (VEGF) in NL fluid; and enhanced levels of IL-5, IL-13, and IL-33 in the NT. TSLP was undetectable in the NT, and IL-25 was unaffected by MAA exposure at the time of evaluation (data not shown). Eosinophil infiltration and NT concentrations of IL-5 and IL-13 peaked at 4 weeks, and then declined, whereas plasma total IgE, NL concentration of VEGF, and NT concentration of IL-33 continued to increase at 8-16 weeks ( Figure 4A ). Morphologically, periodic acid-Schiff-positive epithelial goblet cells in the nasal turbinate tissue increased, peaked at 4 weeks, and then gradually declined. Epithelial disruption and mucosal undulation were found in the lateral wall of the nasal cavity at 16 weeks ( Figure 4B ). Cystatin A and SPINK5 concentrations in NL fluid increased and peaked at 1 and 4 weeks after MAA exposure, respectively. Interestingly, cystatin A and SPINK5 concentrations continued to decline for up to , and IL-33 (E) from normal human bronchial epithelial cells. Normal human bronchial epithelial cells were incubated with house dust mite (100 mg/ml), Alternaria (400 mg/ml), protease from Staphylococcus aureus (1 mg/ml), trypsin (100 nM), papain (1 mM), or Poly(I:C) (10 mg/ml) for 2 hours (for IL-33) or 24 hours (for TSLP or IL-25), pretreated with or without recombinant cystatin A (0.5 µg/ml), SPINK5 (1 µg/ml), or a mixture of both for 30 minutes at 37 8 C. *P , 0.05, n = 5. HDM = house dust mite; S.A. = Staphylococcus aureus.
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16 weeks ( Figure 5A ). Immunohistochemical staining showed decreased expression of cystatin A and SPINK5 in the nasal epithelial mucosa at 16 weeks ( Figures 5C and 5D ). These findings demonstrated that decreased expression of cystatin A and SPINK5 occurs after chronic exposure to MAA.
Role of Endogenous EPIs in the Airways of MAA-exposed Mice
The effects of intranasal instillation of recombinant EPIs in MAA-exposed mice were examined at 4 and 16 weeks. NT concentrations of IL-5 and IL-13 were significantly suppressed at 4 weeks after instillation ( Figure 6A ). Plasma total IgE, NL VEGF, and NT IL-33 were significantly suppressed at 16 weeks ( Figure 6B ). Cystatin A and SPINK5 concentrations in NL fluid were not decreased at 16 weeks ( Figure 6C ). Histologic examination showed that periodic acid-Schiff-positive goblet cell metaplasia at 4 weeks and epithelial disruption and mucosal undulation at 16 weeks were attenuated in recombinant EPI-treated mice ( Figure 6D ). In mice treated with recombinant EPI, the decrease in expression of cystatin A and SPINK5 in the nasal mucosa at 16 weeks was inhibited as indicated by immunohistochemistry ( Figures 6E and 6G ). Quantitative examination revealed that the cystatin A and SPINK5 expression levels had also recovered ( Figures 6F and 6H ).
Discussion
Previous reports have shown that the proteases contained in antigens induce the Transfected normal human bronchial epithelial cells were stimulated with medium alone (control), house dust mite (100 mg/ml), Alternaria (400 mg/ml), protease from Staphylococcus aureus (1 mg/ml), trypsin (100 nM), papain (1 mM), or Poly(I:C) (10 mg/ml) for 2 hours (for IL-33) or 24 hours (for thymic stromal lymphopoietin or IL-25). *P , 0.05 versus no siRNA; n = 5. HDM = house dust mite; S.A. = Staphylococcus aureus; TSLP = thymic stromal lymphopoietin.
secretion of epithelial-derived cytokines, IL-25, IL-33, and TSLP, which are involved in the initiation and development of allergic diseases (27) (28) (29) (30) (31) (32) . All of the allergens used in this study (S. aureus, Alternaria, and HDM) have serine or cysteine protease activity (15, (33) (34) (35) (36) . Our results showed that endogenous cysteine and serine protease inhibitors, cystatin A, and SPINK5 decreased MAA-induced secretion of IL-25, IL-33, and TSLP in airway epithelial cells in vitro and in vivo (Figures 2A and 2B ). In addition, the results of in vivo experiments demonstrated that EPI administration hinders the breakdown of barrier function or Th2-type inflammation caused by the allergen exposure. These results suggest that EPIs play key roles in the response to environmental and exogenous proteases that induce Th2-type inflammation. The etiology of ECRS is highly debated. Multiple studies have proposed that abnormal immune responses may accompany exposure to microorganisms or their products, including fungi, S. aureus, and bacterial biofilms. This hypothesis has remained a main topic of research. Recently, intranasal or intraperitoneal injection of Aspergillus extract (37), a combination of ovalbumin and Aspergillus protease (38) , and a combination of ovalbumin and staphylococcal enterotoxin B (39) have been used to develop mouse models of eosinophilic chronic sinusitis. In the present study, epithelial disruption and mucosal undulation were induced with chronic (16 wk) MAA exposure, and EPIs inhibited these MAA-induced morphologic changes. Chronic MAA exposure inhibited the tissue expression of the EPIs cystatin A and SPINK5, and EPI administration significantly reduced these changes. These results indicate that chronic exposure to the protease activities of allergens induces tissue remodeling and that EPIs protect the epithelium against allergen-derived protease 
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activities. Homer and Elias (40) established that VEGF induces remodeling in asthma by enhancing Th2-mediated antigen sensitization and inflammation in the lungs and by increasing the number of activated dendritic cells. VEGF in NL fluid is elevated only in patients with CRS with nasal polyposis and is implicated in the development of NPs (41, 42) . In this study, VEGF levels in NL fluids were induced on 8 weeks of MAA exposure, and epithelial disruption occurred after 16 weeks, which suggests that VEGF may also be an inducer of remodeling in ECRS. However, although polypoid lesions in the paranasal mucosa were induced in the mouse model of eosinophilic chronic sinusitis, no large NPs occupying the paranasal sinus, which occur in patients with ECRS, were formed. Additional studies of the development of ECRS in mouse models will be needed to investigate the etiology, pathology, and treatment of ECRS. The question remains whether the complication with atopy influences the pathogenesis of ECRS or not. The atopic condition does not seem to differentiate ECRS and NECRS (Table 1) . Thus, atopic condition by itself is unlikely sufficient to cause ECRS. Indeed, we found no difference in the expression levels of EPIs between patients with allergic rhinitis and normal subjects (data not shown). Therefore, both development of ECRS and decreased expression of endogenous proteases may likely have little to do with atopic status in patients.
Studies have shown that IL-33 is detected at higher levels in the airways of patients with chronic allergic disease and is correlated with disease severity (43, 44) . IL-33 seems to be involved in both the innate and the adaptive phases of type-2 immunity via activity on a variety of cell types including but not limited to group 2 innate lymphoid cells, dendritic cells, CD4
1 T cells, mast cells, and eosinophils (45) . Iijima and colleagues (30) have reported that among various immunologic factors, IL-33 seems to be particularly important in mediating immunity because it is significantly increased during both the early and the chronic phases of responses to allergen exposure. In addition, the authors observed increased levels of immunoreactive IL-33 in lung epithelial cells and pneumocytes during chronic inflammation. In the present study, IL-33 levels increased rapidly after acute allergen exposure in vitro and in vivo. Intracellular IL-33 in NTs was the most abundant cytokine during the chronic phase of allergen exposure, and remained elevated for at least 8 weeks ( Figure 4A ). IL-33 is reportedly released spontaneously at picomolar concentrations from airway epithelial cells cultured from patients with severe asthma (44) . Therefore, increased total tissue levels of IL-33 likely induce IL-33 protein secretion into the extracellular space. Expression of the EPI cystatin SN is reportedly elevated in the epithelial cells of the nasal mucosa of patients with cedar pollen-induced seasonal allergic rhinitis (46) . Thus, EPIs may be up-regulated periodically to play a protective role during exposure to large amounts of natural allergens. In contrast, decreases in EPI levels in NL fluid or epithelial cells after chronic MAA exposure were not suppressed by EPI, which suggests that protease activity of natural allergens directly down-regulates the EPIs. To counter prolonged exposure to allergenderived proteases, EPIs (including those in epithelial cells) may be consumed and gradually depleted. Further studies are needed to investigate the factors regulating EPIs. The tight junction proteins of epithelial cells, such as occludin, claudin-1, and ZO-1, are reportedly impaired by allergen-derived proteases (47, 48) . We found that when cystatin A or SPINK5 mRNA expression was suppressed by using siRNA, allergen-induced secretion of IL-25, IL-33, and TSLP increased (Figures 3B and  3C ). Reduced barrier function might increase the susceptibility to sensitization and lower the threshold of antigen exposure required to drive local allergen-dependent inflammation. These findings imply that prolonged exposure to airborne proteases exacerbates Th2-type inflammation by abrogating the barrier function of epithelial cells and by weakening the antiprotease activity.
Allergic diseases are not isolated disorders but rather syndromes consisting of various phenotypes. All pathologic conditions are determined by interactions between genetic and environmental factors (1, 49) . Some patients with atopic dermatitis have mutations in cystatin A-or SPINK5-encoding genes (22, 23) . In particular, low expression of SPINK5 causes Netherton syndrome, a serious type of atopic dermatitis (23) . With regard to ECRS, although there are no reports on cystatin A, SPINK5 gene polymorphism has been reported in patients with aspirinintolerant CRS (24) . In the present study, we found decreased expression of the cysteine protease inhibitor cystatin A and the serine protease inhibitor SPINK5 in patients with ECRS compared with control subjects. It is unclear whether this impairment is the result of genetics or environmental factors, including the effects of inhaled allergens, but decreases in cystatin A and SPINK5 may increase the risk for allergic sensitization through the epithelium. Thus, the elucidation of the regulatory mechanism of EPIs is critical.
Our findings revealed that airborne allergen-derived proteases have an important role in the pathogenesis of chronic allergic diseases by breaking down the barrier function of epithelial cells, including EPIs. Moreover, EPIs control the function of exogenous proteases, which induce the Th2 immune response. Analysis of the interactions between airborne allergen-derived proteases and EPIs, which are aggressive and protective factors, may improve the efficacy of treatments for allergic diseases. n
